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Abstract This work analyzes the relationship between
the number of viable cells and alteration of the cardio-
myocytes growth response capacity of the hypertensive
rat myocardium. Hypertension was induced in Wistar
rats by means of nitric oxide synthesis blockade using
NG-nitro-L-arginine methyl ester (L-NAME). L-NAME
(12 mg/kg per day) was given to animals in drinking
water ad lib for 15 weeks. Proliferating cell nuclear
antigen (PCNA) protein expression and the disector
method were used to evaluate the proliferation capacity
of the cardiomyocytes and its numerical density alteration
(Nv[m]), respectively. Termina deoxynucleotidyl trans-
ferase-mediated dUTP-biotin nick end labeling (TUNEL)
and monoclonal antibody to single-stranded DNA were
two methods that detected the process of the apoptotic
cell death. The association of the p53 expression with the
apoptosis was investigated using anti-p53 antibody. The
heart weight, body weight, and heart weight/body weight
ratio of the control rats increased 114%, 77%, and 22%,
respectively, and the Nv[m] decreased 60% (P<0.0001)
relative to the L-NAME rats. The cardiomyocytes did not
present PCNA labeling, indicating the absence of cellular
proliferation. The decline of the Nv[m] was also associat-
ed with apoptotic cell death in the myocardium of the hy-
pertensive rats. A p53-dependent pathway seemsto medi-
ate the programmed cell death in this model of hyperten-
sion.
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Introduction

The effects of the overload pressure on human and ani-
mal hearts are characterized as a response of the myo-
cyte and nonmyocyte components of the myocardium to
preserve the cardiac performance [14, 37, 40, 41, 42].
Depending on the duration and nature of the hyperten-
sive stimulus, myocardial structural changes can occur
and constitute the basis for contractile impairment of the
myocardium [20, 24, 58]. It is also possible that altera-
tions in the molecular control of the cardiomyocyte hy-
pertrophy are involved in this phenomenon [5, 18].

The pathogenetic mechanism responsible for the dete-
rioration of myocardial function remains unclear, but it
may be related to progressive intrinsic contractile dys-
function of residual viable cardiomyocytes and/or to on-
going degeneration and loss of cardiomyocytes [12, 49].
Multifocal areas of myofiber degeneration and fibrosis
throughout the free wall of the left ventricle were de-
scribed in the experimental hypertension using L-NAME
(NG-nitro-L-arginine methyl ester hydrochloride), but the
etiology of cardiomyocyte loss in this model of hyper-
tension remains unanswered [41, 42]. The current work
speculates that the programmed cell death, besides the
necrosis, may lead to progressive contractile dysfunction
of residual cardiomyocytes.

Morphologically, programmed cell death is known as
apoptosis and was first described by Kerr and coworkers
[25]. It is a strategic biological and gene-regulated pro-
cess of cell suicide that plays a crucia role in the devel-
opment of multicellular organisms by eliminating un-
wanted cells associated with various degenerative, hy-
perproliferative, and autoimmune diseases [22, 60].

The process of DNA fragmentation, the key biochem-
ical feature of apoptosis, is associated either with the ab-
normal expression of genes, such as Fas, ICE (interleu-
kin-1B-converting enzyme), p53, and c-myc, or a de-
ficiency of other genes, such as bcl2 [29]. The p53-
stimulated transcription of the proapoptotic gene, bax,
and repression of the antiapoptotic gene, bcl2, may elicit
apoptosis [27]. Protein levels of p53 increase in response
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to DNA damage, oxidative stress, and hypoxia. The ex-
pression of p53 plays an important role in regulating cell
death in postmitotic cell populations [32].

DNA degradation, triggered by activation of an en-
dogenous endonuclease, is specific to the spacer regions,
leaving the DNA associated with the nucleosomes intact.
This pattern of DNA cleavage can be detected morpho-
logically by using the terminal deoxynucleotidy! trans-
ferase (TdT)-mediated dUTP-biotin nick end labeling
assay (TUNEL) [13] and the monoclonal antibody to sin-
gle-stranded DNA (mAB to ssDNA) method [10, 11].

Mature ventricular cardiomyocytes are considered to
be terminally differentiated cells, but some indications
suggest that the inability of cardiomyocytes to undergo
mitotic division is a property that may be repressed and
not irreversibly lost [7]. Potential candidates for this
modulation are growth-related genes [48]. Experimental
studies demonstrated that severe cardiac dysfunction
could be associated with molecular adaptations in car-
diomyocytes involving an upregulation of the message
for two cell cycle-related genes, proliferating cell nucle-
ar antigen (PCNA) and histone-H3 [47]. PCNA, a cofac-
tor of DNA polymerase delta, is a late growth-regulated
gene that is expressed at the G1-S boundary of the cell
cycle [3, 6, 45, 46]. In normal mature ventricular cardio-
myocytes, PCNA protein has not been demonstrated.
However, in pathological states, characterized by severe
ventricular dysfunction and failure, the expression of
PCNA mRNA is markedly enhanced in association with
the appearance of PCNA protein in the stressed cardio-
myocytes [47, 48].

The phenomenon of cardiomyocyte loss, in segmen-
tal, focal, or diffuse patterns, complicates the analysis of
the magnitude of reactive growth in the ventricular myo-
cardium [2]. Thus, an association between stereological
and immunohistochemical methods would be of signifi-
cant scientific value to identify changes in the replica-
tory machinery of cardiomyocytes and/or their cell death
during the hypertension by nitric oxide (NO) synthesis
inhibition.

Material and methods

Animals

Both male and female Wistar rats were used in the study. In the
beginning of the experiments, the animals were 16 weeks old. The
injured tissue was taken from 14 hypertensive animals (seven fe-
males and seven males) that received normal rat chow (Purina)
and NO synthase inhibitor in their drinking water (L-NAME,
12 mg/kg per day; Sigma Co, Lot 44H0102) for 15 weeks. Normal
tissue was taken from ten other animals (five females and five
males) that received only normal chow and drinking water ad lib
for 15 weeks. Tail blood pressure was measured before and during
the experiment using tail cuff plethysmography (RTBP1007; Kent
Scientific Co., Litchfield, Conn., USA). Before sacrifice, animals
were anesthetized with ether inhalation. The heart was exposed,
and a great volume of KCI (10%) was injected into the left ventri-
cle as a cardioplegic solution, which stops the heart in diastole.
Fragments of the free left ventricular wall were fixed through im-
mersion in 10% buffered formalin pH 7.2, for at least 6 h at room

temperature and then prepared for histological and immunohisto-
chemical studies. The fragments were embedded in paraffin and
5-um-thick sections were prepared.

Immunohistochemistry
Double immunohistochemistry for PCNA and a-sarcomeric actin

The immunohistochemical analysis used a modification of the im-
munoperoxidase method [19]. To investigate whether PCNA pro-
tein labeling occurred in adult ventricular cardiomyocyte nuclel,
double labeling of PCNA and a-sarcomeric actin was performed.
Paraffin sections (3-um thick) were attached to aminoalkylsilane-
treated slices and deparaffinized. The intrinsic peroxidase activity
was inhibited by the addition of 10% H,O, in 70% methanol for
10 min. Subsequently, the sections were incubated in 1% skimmed
milk solution for 1 h to quench nonspecific protein binding. Paraf-
fin sections were incubated for 50 min at room temperature with
monoclonal mouse antibody anti-PCNA (M0879; Dako), which
was diluted 1:200 in Tris-buffered saline (TBS) plus 1% bovine
serum albumin. After being washed with TBS, the sections were
incubated for 30 min at room temperature with rabbit anti-mouse
biotinylated secondary antibody (E0354; Dako), which was dilut-
ed 1:200. Furthermore, the sections were incubated with akaline
phosphatase-mouse anti-alkaline phosphatase immune complex
(double stain kit system 40/K665 Dako) for 30 min at room tem-
perature. After the final washing with TBS, fast red chromogen
(K597; Dako) was used as a chromogen to visualize the immuno-
reactivity. After extensive washing with TBS, nonspecific antigens
were blocked by incubation of the sections in 1% skimmed milk
solution for 1 h at room temperature. Subsequently, the sections
were incubated overnight with monoclonal anti-a-sarcomeric ac-
tin antibody (M0874; Dako), which was diluted 1:200 in TBS plus
1% bovine serum albumin. After being washed with TBS, the sec-
tions were incubated with the same biotinylated secondary anti-
body used for PCNA labeling. The sections were then incubated
for 40 min at room temperature with streptavidin-biotin-horse-
radish peroxidase (Strept AB complexes K0377; Dako) which was
prepared according to the manufacture’s instructions. After the fi-
nal washing with TBS, 0.1% 3.3-diaminobenzidine tetrahydro-
chloride (5 mg; Sigma) in 10 ml of TBS buffer, pH 7.0, containing
200 pl of 10% H,O, was used as a chromogen to visualize the im-
munoreactivity. Sections without primary antibodies were used as
negative controls. As positive controls for PCNA and a-sarcomer-
ic actin, rat skin and the hearts of the control rat, respectively,
were used. Before mounting, the sections were lightly counter-
stained with Mayer’s hematoxylin, dehydrated, and mounted with
glycerol.

Immunohistochemistry for p53

A mouse monoclonal antibody against human p53 protein
(M7001; Dako) as the primary antibody was used for p53 immu-
nohistochemical staining. The deparaffinized thin sections were
twice treated using microwave irradiation at 500 W for 5 min in
10 mM citrate buffer, pH 6.0. Endogenous peroxidase was
quenched by the addition of 10% H,O, in 70% methanol for
10 min. Subsequently, the sections were incubated in 1% skimmed
milk solution for 1 h to quench nonspecific protein binding. The
sections were then incubated for 1 h at room temperature in anti-
body anti-p53, which was diluted 1:200. Thereafter, the sections
were incubated for 30 min at room temperature with a rabbit anti-
mouse biotinylated secondary antibody (E0354; Dako) which was
diluted 1:200. Furthermore, the sections were incubated for
40 min at room temperature with streptavidin-biotin—horseradish
peroxidase (Strept AB complexes K0377; Dako) which was pre-
pared according to the manufacture’s instructions. Sections were
then stained with 0.1% 3.3-diaminobenzidine tetrahydrochloride
(5 mg; Sigma) in 10 ml of TBS buffer, pH 7.0, containing 200 pl
of 10% H,0, The slides were washed with TBS between all steps,



except before incubation in the primary antibody. Before mount-
ing, the sections were lightly counterstained with Mayer’s hema-
toxylin, dehydrated, and mounted.

Detection of apoptosis
TUNEL technique

The staining was performed according to Gavrieli and coworkers
[13]. The hearts were fixed in 10% neutral buffered formalin (4%
formaldehyde), embedded in paraffin, and sectioned. Deparaffini-
zed and rehydrated sections were treated with 2% H,O, in TBS
to quench endogenous peroxidase and then stained with the in
situ apoptosis detection kit (Oncor ApopTag, Gaithersburg). This
method uses the TUNEL technique [13]. The sections were incu-
bated with 20 pg/ml proteinase K for 15 min at room temperature.
Subsequently, the sections were immersed in equilibration buffer
for 30 min at room temperature and then incubated in a solution of
TdT at 37°C for 1 h in a humid chamber. At 37°C for 20 min at
room temperature, stop/wash buffer solution was used to stop the
reaction. After extensive washing in TBS, the sections were incu-
bated with anti-digoxigenin-peroxidase solution in a humid cham-
ber for 30 min at room temperature. 3,3-diaminobenzidine tetrahy-
drochloride (0.1%) was used as a chromogen. The intensity of im-
munohistochemical staining was monitored continuously using
light microscopy to confirm optimal sensitivity of the assay. The
incubation time was controlled according to the first appearance of
positivity in the positive control provided by the manufacturers of
the kit. The sections were lightly counterstained with methyl
green, washed with distilled water, treated with butanol, immersed
in xylene, and mounted. Sections of mammary gland provided by
the manufacturer were used as positive controls. Negative controls
were prepared by replacing TdT enzyme with distilled water.

MAB to ssDNA

The detection of apoptotic cells with mABs has been previously
described [10, 11]. Tissues were fixed in 10% neutral buffered for-
malin (4% formaldehyde), dehydrated in xylene, and embedded in
paraffin. Deparaffinized and rehydrated sections were treated with
2% H,0, in TBS to quench endogenous peroxidase. Sections of
3 um were subsequently treated with 0.1 N HCI for 10 min at
room temperature. After being washed with TBS, the sections
were resuspended in TBS supplemented with 5.0 mM MgCl,,
heated in a water bath at 100°C for 5 min, and cooled on ice.
The sections were washed with TBS and then treated with 1%
skimmed milk solution for 1 h at room temperature. Furthermore,
the sections were incubated for 50 min with mAB to ssDNA
(M3299, Chemicon), which was diluted 1:50. After being washed
with TBS, the sections were incubated for 30 min at room temper-
ature with a rabbit anti-mouse biotinylated secondary antibody
(E0354; Dako), which was diluted 1:200. The sections were then
incubated for 40 min at room temperature with streptavidin—
biotin—horseradish peroxidase (Strept AB complexes K0377;
Dako), which was prepared according to the manufacture’s in-
structions. Diaminobenzidine (DAB) was used as a chromogen.
Before mounting, the sections were lightly counterstained with
Mayer’s hematoxylin, dehydrated, and mounted.

Stereology

The heart volume and the volume of the ventricles were deter-
mined according to the submersion method of Scherle [52], in
which the water displacement due to organ volume is recorded by
weight. The organ was suspended on a stand by a thin thread and
immersed in physiologic solution in a recipient on the plate of the
scale without touching the walls of the recipient. On the day of the
sacrifice, the heart weight/body weight ratio (HBR) was deter-
mined as HBR=(HM/BM).100(%).

669

After this, hearts were fixed in buffered formalin (10%,
pH 7.2) for at least 6 h at room temperature. To generate appropri-
ated sections for stereological study, the hearts were sectioned in
an isotropic uniform random set of three perpendicular sections
for each heart analyzed [an orthogonal triplet probe (ortrip)] [36].
The left ventricle was dissected and cut with the cut edge down
and, at random, the specimen was cut with a section perpendicular
to the first plane. After this, it was placed with the new cut surface
down and a new random orientation was defined with the organ
being sectioned perpendicular to the previous plane. The last cut
was considered to be uniformly isotropic [35].

Stereology was performed using ten random microscopic
fields, oil-immersion x100 objective, and video microscopy (Leica
model DMRBE). The counts used an M42 test system put upon
the screen of the monitor and calibrated with a Leitz micrometer
1 mm/100.

The disector method was used to obtain the numerical density
of the cardiomyocytes [53]. The optical disector is based on sec-
tion pairs and is constructed with two parallel sections separated
by one section thickness (lookup and lookdown planes). These
planes were determined over aframe of known surface [17]. Light
microscopic fields were selected in a systematic random manner
from reference sections. We sampled all cardiomyocytes nuclei
seen in focus only in the lookup plane. They should be partly or
totally inside the frame provided they did not in any way intersect
the left or inferior exclusion edges or their extensions (“forbidden
line”) [16].

The numerical density of the cardiomyocytes (number of car-
diomyocytes per volume of myocardium, Nv[m] 1/mm3) was de-
termined with ten random disector pairs for each specimen [17].
For reasons of efficiency, one nucleus was considered to represent
one cardiomyocyte. Q, is the number of the cardiomyocyte nuclei
in the test area appearing in an unbiased counting frame of
4200.0 pm? on the one-slice plane. The volume disector is the
product of the disector thickness (t) by the test-area (A;).

Nv[m] = t?T;Tll mm3.

Statistical analysis

Differences in the blood pressure between control and L-NAME
groups were tested with the Student’s t-test. Differences in stereo-
logical parameters were estimated using the Mann-Whitney U test.
A P vaue below 0.05 was considered significant [62].

Results

The tail blood pressure was significantly different be-
tween control and L-NAME rats after the fourth week of
L-NAME administration (Table 1). In control animals,
no variation in tail blood pressure was noted during the
experimentation; however, in L-NAME rats, it reached
150 mmHg at the 13th week.

PCNA labeling of the ventricular myocardium

The distribution of PCNA protein in the myocardium
was detected using the immunoperoxidase technique.
PCNA labeling was not observed in the cardiomyocytes
surrounding the lesion area in the L-NAME myocardi-
um, but labeling in the nuclei of the nonmyocyte cells of
the left ventricle of L-NAME hearts was detected, espe-
cidly in thelesion areas (Fig. 14).
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Fig. 1 Photomicrographs of the myocardium in NS-nitro-L-
arginine methyl ester (L-NAME) rats. A Double staining of prolif-
erating cell nuclear antigen (PCNA) and sarcomeric actin in lesion
area presenting neighboring hypertrophied cardiomyocytes and an
absence of labeled nuclel of cardiomyocytes stained positively
with sarcomeric actin (arrowheads; x170). B Immunohistochemi-
cal findings of p53 protein. Inflammatory cells infiltrating into the
lesion areas showed dark-brown positive immunoreactivity against
anti-p53 protein antibody (arrows), the majority of cardiomyo-
cytes were negative (arrowhead; x350). C, D Some apoptotic in-
flammatory cells were found within lesion areas using both termi-
nal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling (TUNEL) and monoclonal antibody (mAB) methods, re-
spectively (arrows; x350). E Single apoptotic cell presenting frag-
mented nucleus with appearance of cloverleaf (arrow; x350). F In
arelatively early stage, in which there is not a formation of blebb-
ing, it is possible to identify the origin of the cells from their mor-
phological appearance. The arrow probably indicates the nucleus
of an apoptotic cardiomyocyte presenting its typical cytoplasmatic
striation in mAB method (x350)

Table 1 Thetail blood pressure (mean +SD) in control and NG-ni-
tro-L-arginine methyl ester (L-NAME) rats during the study. P
probability that the differences between groups were significant,
Student’s t-test; NSsignificant

Weeks Control L-NAME P
Before L-NAME administration  99.4+1.0 99.6+1.7 NS
After L-NAME administration

4th 99.5+0.7 114.5+1.3 <0.0001
8th 99.9+0.3 127.9+2.6 <0.0001
10th 100.8+£0.5 142.9+2.6 <0.0001
13th 101.0+£2.1 150.0+1.8 <0.0001
14th 101.5+2.4 150.0+2.1 <0.0001
15th 102.5+2.6 150.0+2.2 <0.0001

p53 immunostaining

The myocardium of the hypertensive rats presented dark-
brown immunoreactivity to p53 protein (Fig. 1b). Sever-
a inflammatory cells within the lesion areas showed
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Table 2 Quantitative analysis

of the myocardium in conrol Groups Nvim] N[m] HBR HW BW

and NG-r):itro-L-argi nine methy! 104/mm3 (109 (%) ©) ©)

ester (L-NAME) groups. Nv[m]

numerical density of themyo-  Control

cytes, N[m] total number of Median 271.7 24.3 0.54 0.9 168.2
myocytes in the heart, HW Cl (95%) 26.9-28.5 22.3-26.2 0.53-0.56 0.8-0.9 150.6-173.8
heart weight, BW body weight,  CV % 4.0 11.2 38 9.0 10.0

HBR heart weight/body weight CE % 13 3.6 12 2.8 3.2

ratio, Cl confidence interval at

95%, CE coefficient of error L-NAME

calculated as SE/mean, CV co-  \egian 10.3 20.9 0.67 1.9 291.3
efficient of variaton, P proba- ¢y (950%) 10.1-12.0 18.81022.9 0.64-0.69 1.8-2.0 266.2-306.4
bility of the difference between ¢/ oy 15.1 16.8 6.6 6.5 121
control and L-NAME groups CE % 4.0 45 18 17 3.2

{aés )s gnificant (Mann-Whitney  p 0.00004 0.02 0.00004 0.00003 0.00004
positive pS3 immunoreactivity. There was no evidence piscussion

of positive p53 immunoreactivity in the cardiomyocytes
and interstitial cells in the areas that did not present a
lesion in the myocardium of the L-NAME group. In the
L-NAME group, there was positive p53 immunoreactivi-
ty in the nuclei of the little cardiomyocytes surrounding
the lesion areas. However, dead cardiomyocytes within
lesion areas showed no positive immunoreactivity. There
were no findings of positive immunoreactivity in the
myocardium of the control group.

Apoptosis detected using the TUNEL and mAB
to ssDNA methods

Apoptatic cells stained with TUNEL and mAB methods
were mainly observed in the inflammatory cells (Fig. 1c,d).
Rare apoptotic cardiomyocytes were observed scattered in
the myocardium of the L-NAME rats with both of these
methods. The presence of the cellular striation in the cells
presenting apoptotic nuclel indicates that these cells proba-
bly represent the cardiomyocytes in the early stages of ap-
optosis. Apoptotic bodies can be observed in the myocardi-
um of the L-NAME rats and possibly represent later stages
of apoptosis. Figure le illustrates the originally described
morphological feature of the apoptosis, the nuclear frag-
mentation originating blebbing, similar to a cloverleaf, on-
ly observed with the TUNEL method. No detectable apop-
tosis was seen in the myocardium of the control group us-
ing either method.

Quantitative analysis

The differences between control rats and L-NAME rats
were significant (P<0.0001). The results are expressed as
median and confidence interval (Cl) at 95%. Comparing
the myocardium in control and L-NAME groups, the
body weight increased 77%, and the heart weight in-
creased 114%. The HBR in the L-NAME group in-
creased 22%. Both Nv[m] and N[m]decreased 60% and
14%, respectively (Table 2). There was no difference be-
tween genders.

The consequences of the chronic inhibition of NO bio-
synthesis on myocardial structures have yet to be studied
[37, 40, 54]. The present results provide some evidence
that the chronic NO synthesis inhibition participates in
the decrease of the cardiomyocytes number. Moreno and
co-workers [37] compared the myocardial aterations in
hypertensive rats using the chronic inhibition of NO bio-
synthesis (utilizing L-NAME) with those having renal
hypertension (Goldblatt 11 model 2K1C). Both groups
of rats had a similar high blood pressure level. The
L-NAME-treated rats showed significantly more severe
and extensive cardiac lesions than the 2K1C ones. More-
over, the authors observed that rats treated with the inac-
tive enantiomer D-NAME had no increase in the blood
pressure and did not present myocardial lesions, suggest-
ing that these lesions are related to the inhibition of NO
biosynthesis [37].

Myofiber hypertrophy is the prevailing form of car-
diomyocyte growth in the hypertensive rat heart that re-
ceived L-NAME for 25 days [40]. Both hypertrophy and
hyperplasia processes occur in different cardiac disease
states [38, 39, 46]. However, the magnitude of reactive
growth in the ventricular myocardium could be compli-
cated by the phenomenon of cardiomyocyte loss [46].

The HBR corrects the heart mass considering the size
of the animals, and normally is unchanged during aging,
except in very old rats and in humans older than 85 years
[31]. In the present study, the HBR values demonstrated
a significant increase in the heart mass of the L-NAME
group caused by NO synthesis inhibition and hyperten-
sion. When the results are not normalized for the body
mass, the degree of hypertrophy is aways more pro-
nounced on the left side than on the right one [34]. How-
ever, the decline of the Nv[m] and of the N[m] suggests
that if cardiomyocyte proliferation occurs as demonstrat-
ed by some studies on cardiac failure [21, 39, 46], the
rate of cardiomyocytes loss seems to be higher than the
rate of the cardiomyocyte proliferation in the L-NAME
model of the experimental hypertension.

In ventricular cardiomyocytes of different animals, in-
cluding man, DNA replication, ploidy formation, and
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multinucleation are present in normal and pathologic
states [21, 46, 47, 48], and this could lead to inconsisten-
cies in the determination of Nv[m]. However, the optical
disector permits the definition within the thickness of the
section, avoiding the over-counting of binucleated cells.
If the section thickness is known, it is possible to ob-
serve the nuclel in the middle of the section and use the
rest of the thickness to ensure that sampling was unique
and uniform [17].

Cardiac hypertrophy is associated with the reexpres-
sion of the atrial natriuretic factor gene in ventricular
cardiomyocytes [9]. Defects of the molecular control of
cardiomyocyte hypertrophy per se or associated cardio-
myocyte loss should affect the adaptive mechanism of
the cardiac hypertrophy by decreasing the number of via-
ble cells and by alteration of their growth response ca-
pacity. Consequently, the cardiomyocytes may reexpress
their capacity to synthesize DNA and undergo cell divi-
sion such as it occurs in the hypertrophic senescent heart
in humans[38].

Cardiomyocyte hyperplasia by definition implies an
increase in the number of ventricular muscle cells. Nu-
merical density analysis can detect an increase or de-
crease of cells but not simultaneous cellular loss and pro-
liferation [47]. Other techniques are necessary to identify
if cardiomyocytes reexpress their ability to synthesize
DNA and proliferate [46]. In this study, the presence of
PCNA in the cardiomyocyte nuclel was associated with
the Nv[m] determination to overcome this difficulty. The
cardiac failure is characterized by a significant increase
in ventricular cardiomyocytes PCNA protein [47, 48].
Cardiomyocytes of both control and L-NAME rats in
this study did not show PCNA protein expression, but
the Nv[m] was significantly lower in L-NAME rats than
in control ones of the same age. This suggests that the
concept that the cardiomyocyte cellular hyperplasia can
be induced in mature differentiated cardiac muscle cells
in pathologic conditions is not applied to this hyperten-
sion model.

In the myocardium of the hypertensive rats, inflam-
matory infiltrate cells presented PCNA labeling. This is
not surprising in view of previous works that demon-
strated intense proliferation of interstitial and endothelial
cells and myofibroblasts during the evolution of inflam-
matory process [43, 57, 59]. PCNA interpretation is
made difficult because of their long half-lives, which
lead to persistence of staining even in cells that have re-
cently left their proliferation capacity. In the future, other
markers of cellular proliferation, such as Ki-67, could be
required for this purpose, because they seem to offer
fewer limitations than PCNA [61].

The decrease of the Nv[m] observed in the present
study is predominantly due to the death of cardiomyo-
cytes, and experiments in various animals models indi-
cated that both apoptotic and necrotic mechanisms can
occur [32]. The observation of the cell death by apopto-
sis was provided by the data from the mAB to ssDNA
and TUNEL assays. The TUNEL method has been se-
verely misleading for the evaluation of the cell death

mechanism, because it stains both necrotic and apoptotic
cells indistinctly [1, 10]. The TUNEL method seems to
be satisfactory for identifying apoptotic cells in the myo-
cardium, but the better sensibility of the mAB to ssSDNA
assay compared with TUNEL for this identification is
not discarded.

The present results suggest that, besides necrosis, ap-
optosis of the cardiomyocytes also seems to have medi-
ated the cardiomyocyte cellularity decrease in the experi-
mental hypertension induced by L-NAME. Double im-
munohistochemistry for the apoptotic method and cell-
specific proteins might permit differentiation of the na-
ture of the apoptotic cells. However, it could be invalid
in later stage apoptotic cells characterized by the bleb
formations that detach into apoptotic bodies [30, 49].

The apoptosis might be related to the disappearance
of infiltrating cells at the chronic stage of inflammation
[50, 51]. In addition, cytotoxic inflammatory infiltrate
cells might be removed by apoptosis to avoid releasing
of their cellular contents and thus to prevent prolonged
inflammation [55]. In this study, the cells in later stages
of apoptosis could represent cardiomyocytes salvaged in-
to lesion areas or remaining macrophages. In this case,
macrophage death by apoptosis would be a beneficial
mechanism in areas that present some remodeling de-
gree, avoiding cellular content to be released and induce
an inflammatory process in fibrotic tissue.

Apoptosis was induced by p53 in cardiomyocytes and
inflammatory cells. This cellular adaptation seems to
also be associated with the decline of the numerical den-
sity of the cardiomyocytes observed in hypertension in-
duced by L-NAME. Previous studies demonstrated that
independent mechanisms other than p53 are involved in
the apoptotic pathway of cardiomyocytes [4, 26, 28, 32,
56].

Depending on the cell type, the increase in p53 pro-
tein levels or transactivating ability, which occurs in re-
sponse to DNA damage, can result in either growth ar-
rest or apoptosis [23, 33]. However, studies on the role
of p53 in the regulation of programmed cell death have
been almost exclusively confined to active proliferating
cells[32].

The expression of p53 in cells that are capable of ex-
tensive proliferation, such as inflammatory cells, and in
cells that are not capable of extensive proliferation, such
as the cardiomyocytes, activates regulatory molecules
that are associated with characteristic roles of these cells.
It is still unclear what the signaling pathway that regu-
lates the preferential expression of each of these mole-
cules in target cells is [32, 44]. It is possible that the
stimulus nature could be associated with deregulation of
the cell cycle and thus, induction of the preferential ex-
pression of the cell cycle-dependent molecules.

The NO function and myocardial remodeling is still a
subject under discussion. High amounts of NO are linked
to proapoptotic effects under pathophysiological condi-
tions, whereas the continuous release of endothelial NO
inhibits apoptosis and may contribute to the antiathero-
scleratic functions of NO [8]. NO interacts with estrogen



to modulate the apoptotic pathway in cardiomyocytes
[15]. The present work examined some aspects of the
NO biosynthesis inhibition causing hypertension and
cardiomyocytes apoptosis. The presence of inflammatory
cells and cardiomyocytes with positive p53 immunoreac-
tivity suggests that this protein may play an important
role on the apoptosis of these cells in the hypertension
induced by L-NAME. The decrease of the Nv[m] with
the absence of cardiomyocyte PCNA labeling suggests
that cardiomyocyte hyperplasia did not constitute the
dominant growth mechanism in hypertension caused by
L-NAME administration. Further studies, however, are
required to characterize the association between NO and
cardiomyocyte apoptosis.
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